Abstract-A wideband, pattern-reconfigurable antenna is reported that is, for example, a good candidate for ceiling-mounted indoor wireless systems. Switchable linearly polarized broadside and conical radiation patterns are achieved by systematically integrating a wideband low-profile monopolar patch antenna with a wideband L-probe fed patch antenna. The monopolar patch acts as the ground for the L-probe fed patch, which is fed with a coaxial cable that replaces one shorting via of the monopolar patch to avoid deterioration of the conical-beam pattern. A simple switching feed network facilitates the pattern reconfigurability. A prototype was fabricated and tested. The measured results confirm the predicted wideband radiation performance. The operational impedance bandwidth, i.e., |S 11 | ࣘ −10 dB, is obtained as the overlap of the bands associated with both pattern modalities. It is wide, from 2.25 to 2.85 GHz (23.5%). Switchable broadside and conical radiation patterns are observed across this entire operating bandwidth. The peak measured gain was 8.2 dBi for the broadside mode and 6.9 dBi for the conical mode. The overall profile of this antenna is 0.13λ 0 at its lowest operating frequency.
I. INTRODUCTION
P ATTERN-RECONFIGURABLE antennas have drawn much attention with the rapid development of modern wireless communication systems. They have many advantageous features including increased radiation coverage, enhanced wireless channel capacity, and enabled beam-sweeping for pointto-multipoint communications [1] - [5] . Pattern-reconfigurable antennas can be classified generally into two categories: continuously sweeping beams and discrete switching between pattern shapes. Antennas with continuous beam-sweeping characteristics usually adopt tunable components, such as varactors, to continuously adjust the main beam direction [6] , [7] . These systems are useful for object tracking, e.g., for radar applications. On the other hand, reconfigurable antennas that switch their radiation patterns in a discrete manner utilize RF switches. An antenna that is switchable between distinct conical-beam and broadside-beam patterns enables enhanced radiation coverage. In addition, this diversity feature also facilitates an increase of the system capacity as has been demonstrated in a multipleinput-multiple-output setting [8] . One typical application is an indoor wireless network for coverage within a large crowded train station hall, e.g., Central Station in Sydney, Australia, as shown in Fig. 1 . To realize the largest radiation coverage, ceiling-mounted antennas are desired that have both omnidirectional conical-beam and unidirectional broadside-beam patterns. The latter beam fills in the hole of the pattern of the former. This approach avoids undesirable fade zones in which the wireless signal is very weak.
Several pattern-reconfigurable antenna designs have been reported, e.g., [9] - [13] , that emphasize broadside and conical beams. However, their overall performance characteristics are not satisfactory. For instance, the square-ring patch antenna in [9] gives switchable broadside and conical patterns, but it only has a 2.5% impedance (−10 dB) bandwidth. The designs in [10] and [11] are able to switch between patch and monopole modes; they have slightly larger bandwidths: 6.6% and 7.6%, respectively. However, the cost is a gain discrepancy larger than 3 dB between the two modes. Another design [12] realized similar pattern reconfigurability, by switching between monopole and dipole modes in the presence of a reflector, and similar bandwidth, 6.5%, but produced unacceptable measured radiation patterns. To increase the bandwidth to 9%, the antenna design in [13] employed convertible slot and monopolar patch modes. Nonetheless, the monopolar mode pattern was bidirectional, which gave poor omnidirectional radiation coverage.
In this letter, we present a wideband (23.5%), patternreconfigurable antenna by systematically integrating a monopolar patch and an L-probe fed patch together. Novel excitation techniques are designed to generate the broadside and conical patterns. The realized operating bandwidth is more than twice as large as other reported designs, and the realized gain values are higher and more stable in both pattern modes.
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II. ANTENNA DESIGN
To realize a wideband broadside and conical pattern reconfigurability, a wideband monopolar patch is systematically integrated with a wideband L-probe fed patch. The resulting antenna system is excited with a switchable feeding network.
A. Antenna Configuration
The antenna consists of three parts as shown in Fig. 2 . It includes an L-probe fed circular patch antenna (top layer), a center-fed monopolar patch antenna (middle layer), and a switching feeding network (bottom layer). The circular L-probe fed patch is placed concentrically with the monopolar patch with a separation distance H patch . It is air-loaded and has the diameter D patch . The length and the height of the L-probe are L probe and H probe , respectively. Their values and the location of the L-probe, R probe , are optimized to achieve a wide bandwidth impedance match. The center-fed monopolar patch has the diameter D m . It serves as the ground for the L-probe fed patch when the system is in its broadside radiation mode and as the main radiator when it is in its conical radiation mode. The monopolar patch is also air-loaded and concentrically located above the ground at the distance H m . There are 17 vias uniformly distributed along a circle whose radius is R pin . Each via has the diameter D pin . Sixteen are selected to be shorted between the monopolar patch and the ground. The 17th is replaced with a small piece of coaxial cable feedline that is used 
B. Switching Mechanism
To realize the pattern reconfigurability, p-i-n diodes are introduced as the RF switches in a simple feeding network that selects the excitation paths between the monopolar patch and the L-probe fed patch. The arrangement of the p-i-n diodes is presented in Fig. 3 . The p-i-n diodes selected were model number Bar50-02L with 0403 surface-mount packaging from Infineon Technologies. They have excellent switching performance below 6 GHz. The measured characteristics and equivalent circuit models were reported previously [14] - [16] . The total dc power consumption of this p-i-n diode is 12 mW, i.e., P dc = I 2 R = (100 mA) 2 × 1.2 Ω as calculated from its datasheet [17] . In addition, the Murata inductors Type LQW18AN56NJ00 with 0603 packaging were selected as the RF chokes.
To control the diode states, three dc bias voltages are needed. They are labeled as DC_broadside, DC_conical, and DC_ground. The detailed connections of these dc biases are shown in both Figs. 2(c) and 3. The radiation modes are simply changed by applying different dc voltages as shown in Table I . For example, if the two green diodes are turned ON by applying the dc voltages 3 V to DC_broadside and 0 V to DC_ground, but leaving the other two red diodes turned OFF, the broadside radiation mode is generated. Similarly, the conical radiation mode is obtained by switching the positive dc voltage to DC_conical. From the current distributions given in Fig. 4 , one can clearly see that the L-probe fed patch is excited in the broadside mode, while the monopolar patch is excited in the conical mode. Thus, the desired pattern reconfigurability is achieved by switching between these two states. The wideband characteristics are realized because the L-shaped probe is able to compensate for the large inductance of the probe-fed patch [18] . Furthermore, the shorting vias help merge the TM 01 and TM 02 modes together in the monopolar patch radiator [19] .
C. Impact of Coax Feed Position
Despite the straightforward nature of the design, the small piece of coaxial cable is indispensable. It connects the microstrip feedline on the bottom layer to the L-probe on the middle layer. Again, as depicted in Fig. 2 , the coax does not go through the monopolar patch cavity directly below the L-probe. Rather, it replaces the 17th shorting pin. This specific design is adopted to avoid the deterioration of either the TM 01 or TM 02 mode within the cavity of the monopolar patch. An asymmetry would exist if the coax were to go directly through the cavity, producing nonuniform electric fields along the perimeter of the monopolar patch and, hence, an asymmetrical conical radiation pattern. As Fig. 5 shows, the discrepancy between the two sides of the conical beam is larger than 1 dB when the coax goes directly through the cavity. On the other hand, it shows that there is little difference when the outer conductor of the coax goes through the position of one shorting pin.
III. MEASURED RESULTS
The optimized pattern-reconfigurable antennas were fabricated. The assembled prototype is shown in Fig. 6 . The A comparison of the measured and simulated |S 11 | values is given in Fig. 7 (left) . The measured overlap of the bandwidths associated with both modes is wide, 23.5%, from 2.25 to 2.85 GHz. The mild discrepancies between the measured and simulated results occur in part from small fabrication inaccuracies and from the actual impedances of the p-i-n diodes. In particular, the impedance matching of the two modes is very sensitive to the dimensions and the positions of the L-probe and the shorting pins as discussed in [18] and [19] . Moreover, since all the components are manually assembled, the agreement level is quite reasonable. The difference in the wider measured bandwidth is only 150 MHz (5.8%) for the broadside mode and 100 MHz (3.9%) for the conical mode.
The measured peak realized gain values for both radiation modes as functions of the source frequency are presented in Fig. 7 (right) . The gain variation is stable (less than 3 dB) across the entire operating bandwidth. The peak gain for the broadside mode is 8.2 dBi and for the conical mode is 6.9 dBi. The gain discrepancy between the broadside and conical modes is less than 1.3 dB, and the cross-polarization level ratio is larger than 20 dB across the entire operating bandwidth. The measured average total radiation efficiency is 66% and 75% for the broadside and conical mode, respectively.
The measured radiation patterns are given in Fig. 8 . They confirm that switchable, wideband broadside, and conical radiation patterns were realized. The patterns are symmetrical for both vertical (φ = 0°and 90°) planes and are stable across the entire operating bandwidth. Table II provides a summary of the measured performance characteristics of comparable pattern-reconfigurable antennas. Our larger design achieves the largest operating bandwidth and the highest peak realized gain. Additionally, the differences between the realized gain and total efficiency values of both modes are small, and very low cross-pol levels are maintained. Furthermore, the fabrication complexity of our design is modest in comparison. Given all of these advantages, the size tradeoff is reasonable.
IV. CONCLUSION
A wideband, pattern-reconfigurable antenna was reported. It has switchable broadside and conical radiation patterns.
The design strategy was discussed in detail. A prototype was fabricated and tested. The measured results confirmed its wide bandwidth and switchable radiation patterns. This patternreconfigurable antenna is a very good candidate, e.g., as a ceiling-mounted antenna for indoor wireless applications.
